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thio-ester containing domain (TED) provides a key requirement for complement activation. In C3, the TED domain blocks most of the surfaces potentially capable of binding to other complement components, thus producing a rather inactive molecule. In C3b, the TED domain is displaced until contacting the macroglobulin domain 1 (MG1), exposing hidden surfaces and generating new ones that mediate interactions with other complement proteins involved both in complement activation and regulation. First, C3b exposes a reactive thio-ester that attaches covalently to the activating surface, restricting complement-mediated lysis and inflammation to the activation site. Secondly, regions for the interaction with factor B (FB) are exposed, and C3b can then assemble an unstable protease complex, named C3-proconvertase (C3bB) that eventually will generate the active C3-convertase of the alternative pathway (AP). Efficient activation of the complement system depends on an amplification loop in which the newly generated C3b forms more AP C3-convertase, amplifying the initial activation [4, 5] . The complement system is also regulated by properdin, a protein that enhances the stability of the C3-convertase in the alternative pathway and promotes the local amplification of complement activation [6, 7] .
In addition, the repositioning of the TED domain generates an extended surface for the interaction with factor H (FH), membrane cofactor protein (MCP; CD46), decay accelerating factor (DAF; CD55) and complement receptor 1 (CR1). These regulators protect host cells from damage by complement [4, 5] .
Crystal structure of C3b
C3b is made of two polypeptide chains, (residues 1 to 645) and ´ (residues 727 to 1641), that together form a core of eight macroglobulin (MG1 to MG8) domains with a linker domain (LNK) inserted into domain MG6, a "complement C1r/C1s, Uegf, Bmp1" (CUB) and a thio-ester-containing domain (TED) connected to MG7 and MG8, and a C345C domain attached to MG8. Several structures of C3b, either alone [1] [2] [3] , or in complex with other complement factors have been
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resolved over the years [8, 9] . These structures revealed that the core of MG domains is forming a ring decorated by C345C at the top and the CUB-TED module projecting downwards (Fig. 1) . The comparison between the crystal structures of C3b and C3 revealed a large conformational change of the CUB-TED module in addition to movements in other segments of the protein [1, 2] .
As mentioned above, C3b can recognise several complement regulators. Factor H is the prototypic regulator of the alternative pathway, consisting of a single polypeptide of 20 short consensus repeats (SCRs) arranged in a continuous fashion [4, 5] . FH binds to C3b, accelerates the decay of the alternative pathway C3-convertase enzyme and acts as a cofactor for the factor I (FI)-mediated proteolytic inactivation of C3b, which generates iC3b. C3b binds SCR1 through SCR4 in FH, as revealed by the crystal structure of C3b bound to the first four SCRs in FH [8] (Fig. 1) , and this interaction is essential for the decay and FI cofactor activities of FH. SCR1 and SCR2 in FH contact the acidic ´ N-terminal region and the MG7 domain in C3b, SCR3 binds the CUB domain and SCR4 interacts with the MG1 and the TED [8] . Thus, the interaction between the TED and MG1 domains in C3b is important for the recognition of FH. MCP, DAF and CR1 are thought to follow similar mechanisms [4, 5] . In addition, SCR19 and SCR20 in FH contain a C3b/polyanions-binding site implicated in preventing alternative pathway activation on host cells [10] [11] [12] . In conclusion, at the same time that activation of C3 to generate C3b allows formation of the C3-convertase and triggers the amplification loop, it also generates the way to be regulated.
Transmission electron microscopy, X-ray and neutron scattering reveal that C3b is a flexible molecule
The crystal structure of C3b, including some conformational variations observed in different crystals, has been presumed to represent the only or the most relevant, functional conformation of this complement protein. The crystal structure revealed the structural bases for the attachment of the TED domain to physiological membranes, the activation and regulation of complement, and its
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This article is protected by copyright. All rights reserved. the crystal structure, but surprisingly, some molecules also showed a TED domain detached from its canonical position [13] . This finding was reproduced by Alcorlo et al. [14] (Fig. 2A) . These images suggested that the TED domain could occupy several positions in C3b, and not only the one described by the crystal structures. In addition, Nishida et al. observed that C3(N), a form of C3 resulting from the spontaneous hydrolysis of C3 thio-ester bond by nucleophiles, revealed various conformations by EM, some with the TED domain in a similar position than the crystal structure of C3b, but others showing different locations for the TED domain [13] . However, it is important to note that it cannot be ruled out that the conformation of C3b in the images obtained by EM could be partially affected by the technique. In these EM studies, C3b molecules were adsorbed to a carbon surface, washed and stained with uranyl acetate or uranyl formate to protect the sample from the electron beam and increase contrast. Attachment to the carbon surface together with the pH and ionic strength of washing and staining solutions could potentially affect the conformation of C3b, although this is quite infrequent for molecules analysed by these methods. Interestingly, several studies using C3b in solution have corroborated the findings obtained using EM. Time-resolved FRET measures using a fluorophore attached to the thiol group in the TED domain confirmed that in solution, the TED domain is possibly flexible and retains some degree of mobility even in the presence of a fragment of FH corresponding to the first 4 SCRs [15] . Recently, the analysis of the structure of C3b using analytical ultracentrifugation and X-ray and neutron scattering also indicated that the TED domain could detach from the MG ring [16] . The significance of these results was not analysed further, and it could not be ruled out that these were "outlier conformations" or "defective/inactive protein". However, recent reports provide evidence indicating that the
conformational flexibility of C3b can have an impact in the interaction with other proteins, especially in the context of mutations and polymorphisms (see sections below) [16, 17] .
We hav e now used C3b i mages from a sampl e pur ified from human plasma to obtai n a better description of C3b conformational flexibility. This analysis used similar approaches and methodologies than previous work by our group [14] , but the results are new and these were not part of a previous publication. A total of 32,595 images of individual C3b molecules were collected and subjected to reference free classification methods to group and average those images derived from similar views of the protein (Fig. 2A) . C3b appeared on the EM support film in different orientations, but a typical view showed the macroglobulin (MG) ring clearly visible as well as globular densities corresponding to C345C and TED domains at the top and at the lower part of the ring, respectively, as expected for the typical structure of C3b. In addition, EM revealed that a significant fraction of molecules showed the strong density corresponding to the TED domain adopting different locations around the MG ring. These images suggested a flexibility of the TED region, without contacting the MG ring, although preferential locations were found at the bottom end of the MG ring towards its right side, in agreement with the findings by Nishida et al. and
Rodriguez et al [13, 16] . Also, images by Alcorlo et al. found two additional conformations, not clearly detected by other authors [14] . In these conformations, the TED domain was found in the proximity of the MG3 or the C345C domain ( Fig. 2A) .
3D description of C3b structural flexibility
There have been several attempts to describe the 3D structure of these alternative conformations.
Nishida et al. [13] generated models of C3b based on the rigid-body movement of domains in the crystal structure to find the conformation where the theoretical projections of the model predicted the experimental images of C3b. These models suggested that the TED domain could detach from
Accepted Article
This article is protected by copyright. All rights reserved. using analytical ultracentrifugation and X-ray and neutron scattering [16] . They used scattering modelling to reveal that in physiological 137 mM NaCl, the TED and MG1 domains are separated and thus C3b displayed an extended structure, distinct to that described in the crystal.
To better understand the conformational heterogeneity of C3b we have determined the 3D structures of the most significant conformations using EM. For this, we first used ab initio structures determined by the random conical tilt (RCT) method and a 3D classification and 3D processing strategy [14, 18] (Fig. 2B) . As mentioned earlier, these are new results, not published before. The macroglobulin (MG) ring and C345C domains were readily identified, whereas the TED domain appeared as a globular density placed at a certain distant to the rest of the molecule. These structures revealed several sub-groups of conformations. Some conformers were very similar but displayed some variations in the location of the TED domain. In all these cases, the TED domain appeared separated from the MG ring but at the same side that in the crystal structure. In addition, one conformer was clearly different from the rest, whose distinctive feature was the presence of TED domain at the proximity of MG3 (Fig. 2B) . Interestingly, this conformation was recently described as part of the properdin-C3bBb complex [18] . Finally, a third type of conformation was also detected in 2D (i.e. with TED domain in close proximity to the C345C domain) ( Fig. 2A) , but we have been unable to obtain its 3D structure since this conformer was poorly represented in that data set.
Structural basis of C3b flexibility
To further study the structural basis of the conformational heterogeneity detected, we focused our study in the most abundant conformation observed in the image processing performed here. This conformer shows that the TED domain is clearly displaced in comparison with the crystallographic structure (PDB ID 2I07) [1, 3] , and we wondered whether the length of the double linker connecting CUB and TED domains (including residues P964 to D974 and K1262 to L1270 from chain ) might allow this reorganization. Otherwise, unfolding of the CUB domain should be a requirement to enable the translocation of the TED domain visualized by EM. We used molecular dynamics flexible fitting (MDFF) in order to obtain an atomic model representing the conformational state captured by EM following standard methodology (Fig. 3A) . For these simulations, the TED domain was moved first to fit the density of the domain in the EM map, and then, movements of the CUB domain were allowed to accommodate within the remaining density. The simulations showed that a movement of the TED domain respect to its position in the crystal structure, thanks to the linker that connects the TED with the CUB, could be sufficient to fit the crystal structure into the EM map (see trajectories on
Fig. 3B, and Movie S1).
Summarising the evidence described above, a model emerges where C3b can display a collection of conformations, since the contacts sustaining the interaction of the TED domain with the MG ring are not strong. These contacts could be affected by mutations, polymorphisms and conditions such as pH and ionic strength. The connection between the CUB and TED domains has sufficient length to enable the conformational rearrangements observed by EM. Nonetheless, it is reasonable to assume that some flexibility of the CUB domain could also contribute to the conformational heterogeneity of C3b.
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iC3b recapitulates the flexibility observed in C3b
Interestingly, the study of the structure of iC3b, a fragment of C3b generated after cleavage by FI, using single-molecule EM has also revealed conformational flexibility and two apparently distinctive structural models. On the one hand, images of iC3b alone and in complex with Complement Receptor 4 (CR4, integrin X 2, CD11c/CD18) showed that the position of the TED domain fluctuates around the MG ring [13, 19] (Fig. 4A) . The observed conformational flexibility recapitulates the findings of C3b but the EM images suggested an enhanced degree of freedom for the TED domain, likely correlated with the cleavage at the CUB domain. Such degree of flexibility implies that the conventional techniques used to average similar molecule images results in many cases in images where only the MG ring and the C345C domain is visualised whereas the density corresponding to the TED is smeared out and not well visible [13, 19] . The flexibility of the TED domain in iC3b could rationalise that CR1-mediated cleavage of C3b to generate iC3b is very fast, whereas cleavage of iC3b to produce C3dg and C3c fragments is very slow. We suggest that a very mobile TED domain in iC3b would interfere with proper binding of CR1 to iC3b.
In contras t to thi s fl ex ible conform ation of iC3b, another EM study reveal ed that th e majority of the iC3b molecules in the experiment agreed with a defined conformation where the TED domain was placed in the vicinity of the C345C domain [14] (Fig. 4B) . Quite surprisingly, in this conformation the TED domain moves to positions more similar, though different, to those found in C3, and consequently, iC3b would be unable to assemble the C3-convertase due to the disruption of the binding site for FB. In agreement with this model, an almost imperceptible binding of FB to iC3b was found using Surface Plasmon Resonance [14] . The structural and molecular basis for such arrangement are currently obscure, but it is possible that a flexible TED domain, either in C3b or iC3b, can be stabilised in a few defined positions through alternative intra-molecular interactions to those described in the crystal structure of C3b. iC3b interacts with CR3 and CR4 receptors, and current evidence suggest that the interaction with these receptors involves regions of the TED
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Some unconventional conformations of C3b can be stabilised by properdin
Properdin is a complement regulator that stabilises the C3-convertase and thus plays important roles in antibacterial defence as well as in inflammatory or autoimmune diseases [6, 7] . Recent structural work analysing the structure of the properdin-C3bBb complex by EM suggested that properdin functions by holding together C3b and Bb, thus enhancing the stability of the interaction [18] . Unexpectedly, the structure also revealed that the C3b component in a significant fraction of the properdin-C3bBb complexes was exposing a large conformational rearrangement that we can now correlate with one of the conformations adopted by C3b (Fig. 4C) . Such re-arrangement was suggested to affect binding to other complement regulators, limiting the accelerated decay of C3-convertase, therefore contributing to the functional properties of properdin. One possible model is that properdin contributes to stabilise one of the several conformational positions of the TED domain in C3b, as we have previously suggested for iC3b.
Functional implications of C3b flexibility
Overall, the available evidence shows that C3b displays a collection of conformations, suggesting that the contacts sustaining the interaction of the TED domain with the MG ring are not strong, and therefore they can be affected by mutations, polymorphisms and conditions such as pH and ionic strength. In addition, this conformational flexibility can have important functional consequences
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since the movements of the TED domain could remove essential structural determinants for recognition by C3b of some regulators such as FH and MCP [5] . As revealed by the crystal structure of the complex between C3b and SRC1-SCR4 of FH [8] (Fig. 1) , this interaction causes the decay of the C3-convertase. This complex is maintained through several contacts between FH and C3b, but the interaction of SCR4 with the TED domain is essential. In addition, the TED domain also contributes to hold SCR19 and SCR20 and engage FH to membranes [10] [11] [12] . Therefore, it could be anticipated that displacements of the TED domain should impact the regulation of C3b and the complement pathway, and recent evidence is accumulating to support this hypothesis. iC3b does not bind FH in Surface Plasmon Resonance experiments [14] and FI-dependent proteolytic inactivation of C3b in the presence of MCP was slowed down in the context of the C3bBb-properdin complex [18] . These results could be interpreted as resulting from a poor interaction of C3b with FH and MCP due to the movement of the TED domain. In addition, the work by Rodriguez et al. has shown that a salt bridge between residue Glu1032 at the TED domain and residue 102 at the first MG domain is affected by ionic strength, suggesting that this could explain the differential regulation of the C3S (Arg102) vs C3F (Gly102) polymorphisms [16] (Fig. 5) . Interestingly, Martínez-Barricarte et al. has recently investigated the functional consequences of two prevalent aHUS-associated mutations in C3, R161W and I1157T, providing evidence that a displacement of the TED domain from the MG ring in C3b in the mutants correlates with defects in regulation associated with these mutations [17] (Fig. 5). 
Concluding remarks
The crystal structures of C3 and C3b revealed that the TED domain functions as a "switch" that controls complement activation and regulation [1-3, 5, 8, 9] . In C3, the TED domain blocks regions involved in binding to FB, and it also occludes a reactive thio-ester, thus effectively preventing complement activation. In contrast, C3b is an active molecule, as a result of the repositioning of the
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TED domain, which interacts now with the MG1 domain. Finally, delocalization of the TED in iC3b affects the efficiency of its degradation in vitro, and we propose this can extend its lifetime with functional consequences. Recent evidence obtained by biophysical techniques using C3b in solution, have now revealed that C3b displays a richer collection of conformations that those shown by the crystal structures (Fig. 6) .
We propose a general m odel where the TED domain c an di splay a collection of flexibl e conformations around the MG ring, only restricted by the conformational limits imposed by the connection between the TED and the rest of the molecule (Fig. 6) . This multitude of localizations of the TED domain in C3b can contribute to tune its regulation. This mechanism would somehow recapitulate the general function of the TED domain when it transits from C3 to C3b and iC3b.
Within this model the TED is frequently found delocalised around the MG ring, but it can also lock to several specialised positions where specific interactions can hold the TED domain. At least three of these defined positions have been described: the "conventional" position of the TED domain as observed in the crystal structures, and conformations placing the TED domain in contact with C345C or MG3 domains. C3b has binding sites for complement regulators (FH, DAF, MCP, CR1), and evidence suggests that the conformational flexibility of C3b will impact how and if these interactions can occur [16, 17] , thus adding an unanticipated complexity in complement regulation.
